Co-digestion has drawn much attention because of its potential to increase biogas production among other benefits. Restaurant grease has high energy content and methane production potential and so is a promising substrate for co-digestion with municipal wastewater sludge. Anaerobic co-digestion of municipal wastewater sludge and restaurant grease was investigated at laboratory-scale under 
become regional renewable energy facilities (Zitomer & Adhikari ) .
A wealth of operational data is available regarding volatile solids loading rates and removal efficiencies for anaerobic digesters fed solely municipal wastewater solids (MWS). However, these data are not transferable to codigestion of MWS with industrial organic wastes because of differences in the feed stock composition and characteristics, yet this information is critical to prevent disruption of the existing anaerobic digestion process. To this end, codigestion of various organic wastes with the organic fraction of municipal solid wastes, municipal wastewater treatment sludge or animal manure has been investigated and in some cases implemented at many facilities (Mata-Alvarez et al. ).
Grease wasted from restaurants, commercial kitchens and food service providers has become a major stream of municipal organic waste in urban areas. Past practice has been to deposit this material in a landfill; however, this disposal method has been banned in many jurisdictions 
).
Composting had been applied to grease trap wastes, but the wastes need dewatering first (Coker ).
Overall, anaerobic digestion is a better option because greasy wastes have been proven to have high energy content and methane production potential (Davidsson et al. ) . Nevertheless, individual digestion of restaurant grease is not viable because of long-chain fatty acid inhibition to methanogenesis (Davidsson et al. ; Luostarinen et al. ) . Hence, co-digestion is an attractive way of treating restaurant grease. One possibility is its co-digestion with municipal wastewater sludge at a WWTP.
Due to the great variety of characteristics of restaurant grease from different sources, preliminary and field study using local restaurant grease should be conducted before implementing co-digestion in local full-scale anaerobic digesters. In order to fully and properly utilize these digesters, their maximum loading should be determined first.
Another issue that needs to be addressed is how to effectively and economically monitor and evaluate the digester performance after grease addition. In this study, anaerobic co-digestion of municipal wastewater sludge (MWS) and restaurant grease (RG) collected from grease traps was conducted in 20 L digesters at 37 ± 1 W C. The main objectives were to explore digester stability and gas production during co-digestion of the restaurant grease and MWS, and to propose suitable easily measured indicators for monitoring operational stability.
MATERIALS AND METHODS

Materials
Waste streams
Several different types of wastes were used in the experiments. Digested sludge from a full-scale anaerobic digester at a WWTP in Edmonton, AB, was used as seed sludge to start up the laboratory-scale digesters. Seed sludge was transported directly from the WWTP to a University of Alberta laboratory to start the experiments. MWS were obtained from the same WWTP to be used as feed sludge. The MWS comprised 75% (v/v) primary treatment sludge and scum and 25% (v/v) thickened waste activated sludge. The mixture was blended well before feeding the digesters.
MWS was delivered to the laboratory once a month.
Restaurant grease was provided by a local restaurant grease trap maintenance company. A supply of restaurant grease (RG) was received at the start of the experiment and used throughout. The MWS and RG were stored in a cold room at 4 W C. Portions of the MWS and RG were allowed to warm to room temperature before being used.
The characteristics of MWS and RG during the eightmonth experimental period are listed in Restaurant grease samples were saponified by mixing a known mass of RG with deionized water containing sodium hydroxide in a 1.5:10 ratio (NaOH:RG w/w). This allowed a homogeneous mixture to be obtained after mixing and dilution as required for COD measurement.
Experimental procedure
Two carboys with 20 L working volumes were used as diges- 
VS/TS (%) 100 69.9 ± 2.9 a 55.2 ± 2.3 39.5 ± 1.9 71.5 n/a n/a n/a n/a overall conversion. Nevertheless, it likely did not affect the comparative results as the same mixing regime was used for both digesters.
Digester operating conditions
The study was divided into two stages in terms of the COD loading of the test digester. The COD loading of the test digester was increased in increments with each increment being maintained for a 5-day period to monitor the digester for any upset before the next increase was applied. This process was begun by increasing the test digester COD loading to 120% by includ- Operating conditions for the test digester at loadings of 130, 160 and 387% are presented in Table 2 .
Sample analysis
The analyses performed to monitor test digester performance are shown in Table 3 . Analyses were performed during the incremental loading of the test digester to monitor for a process upset. A more intensive analysis schedule was applied during the test digester steady-state periods.
The same schedule of sample analysis was applied to the control digester except that, during the test digester steadystate periods, the digested sludge from the control digester was analysed three times for each parameter shown in Table 3 .
RESULTS AND DISCUSSION
Assessment of digester performance and stability
The aims of the first stage were not only to achieve steady state in the two digesters but also to assess the equivalence of the performance of the two digesters. The mean values of the seven parameters monitored during this stage are listed in Table 4 . Paired two-tailed t-tests performed on the data indicated that the parameter means were not significantly different for the two digesters as shown by the observed significance values (p-values) given in Table 4 .
This indicates that an equivalent baseline performance level had been established in the two digesters.
The digestion process in the control and test digesters was monitored in terms of pH, partial alkalinity (PA), total alkalinity (TA) and CO 2 content in biogas during the different incremental COD loadings. The values of each parameter during each COD loading increment were averaged and the averages were used in the following analysis.
PA, TA, pH and CO 2 content for both control and test digesters throughout the experiment are illustrated in control digester also became more stable. However, it is clear from Figure 2 that the values of the four parameters in the test digester declined steadily compared with those in the control digester. This decreasing tendency indicated that pH, PA, TA and CO 2 content responded to the increased loading to the test digester.
The speed of response to a loading increase varied among the four parameters. Analysis of variance The values of these four parameters remained within these ranges during this experiment. Thus, upset conditions were not indicated. Nevertheless, pH, PA and CO 2 content generally approached the lower limits of normal operation as the loading to the test digester was increased.
Therefore, they could predict overloading to some extent. However, CO 2 content varied greatly with no discernable trend.
In summary, PA and TA proved to be the more sensitive parameters; whereas pH also functioned well as a monitoring parameter. This confirms the recommendation of Bjornsson et al. () that PA and pH be considered together to monitor digestion processes.
Steady-state operation
The main purpose of adding restaurant grease was to enhance the digestion performance, characterized by increased biogas production, higher methane yields and higher COD and VS reduction. Daily biogas production data were collected and averaged within each steady-state period. All gas production data have been expressed at stan- Table 5 .
COD and VS reduction
Steady states were reached at COD loadings of 130, 160 and 387%. COD and VS reduction were calculated for these three COD loadings. but the remaining VS in effluent were higher as well at higher grease trap sludge additions.
Daily biogas production
Compared with the control digester, daily biogas production from the test digester increased considerably with increasing RG addition (Figure 3 ). There was no reduction of biogas production throughout this experiment, which also indicated that a system upset did not occur. This was in agreement with the observations from pH, PA, TA and CO 2 content discussed previously. The highest RG addition, which increased test digester COD loading by 287% (VS loading by 214%), led to daily biogas production increase of 467% compared with that of the control digester. As shown in Figure 3 , a linear correlation between COD loading (%) and daily biogas production increase (%) was observed with R 2 ¼ 0.994. The linear relationship showed that up to the highest loading in this experiment there was no negative effect on the rate of biogas production.
Methane content and methane yield
The methane content in the biogas from the test digester ranged from 62.6 to 66.2%, while that from the control digester ranged from 59.5 to 65.3%. These values are in the typical range of 55À75% (Reynolds & Richards ) . Methane yields are presented based on both COD and VS. Each of these yields is expressed relative to COD or VS reduction and relative to COD or VS loading. Table 7 lists methane yields based on COD and VS.
In terms of methane yields based on COD reduction, there was little difference between control and test digesters as would be expected, whereas methane yields based on VS reduction were enhanced with the addition of RG. This may be because the mass of RG in the feed increased with increasing loading, and RG has higher methane potential than MWS does (Davidsson et al. ) . In terms of methane yields based on COD and VS loading, co-digestion with RG led to a great increase in these two measures of methane yield. This may be explained by more of the feed COD and VS being destroyed (converted to methane) in the test digester.
Comparison with other studies
Results from similar studies are shown in Table 8 
CONCLUSION
Anaerobic co-digestion of municipal wastewater sludge and restaurant grease was investigated in laboratory-scale digesters operated at 37 W C and fed once daily. 
